Microstructures of hot work tool steels, AISI H13, HIO, and H19 tempered after quenching at various cooling rates are studied for improvements of the toughness of these steels. It is found that the development of upper bainite with decreasing rate of quenching is accompanied by the following microstructural changes. 1) Increase in the width and length of bainite grains and the effective grain size 2) Preferential precipitation of carbides along prior austenitegrain boundaries 3) Dispersion of fine carbides in matrix These microstructural changes lead to reduction of the toughness in all the steels; deterioration occurs in H10 and H19 at a higher cooling rate than in H13. The toughness value reduces in the order of H13, H10, and H19, in good correlation with increasing order of the density of frne carbides in matrix and the fraction of retained carbides.
I. Introduction
Hot work tool steels are usually processed to obtain martensite structure by quenching. However, upper bainite structure is produced in large tools because of the low quenching rate. The formation of upper bainite is shownl~ to result in reduction of the toughness through preferential precipitation of carbides along prior austenite grain boundaries. No further studies have been attempted on the mechanism of the preferential precipitation of carbides and the microstructural factors controlling the toughness of hot work tool steels. Recent demands for long life and high quality tools brings the strong needs for guarantee of the toughness by the microstructural control.
The present study was intended to clarify the effect of quenching rate after austenitizing on the microstructure, particularly the volume fraction of bainite and the precipitation and dispersion of carbides, and also on the toughness of tool steels. Hot working dies are known2~ to be damaged through the following stages :
(1) occurrence of microcracks on the surface such as heat checks (2) inward growth of the cracks during cyclic loading of thermal and working stresses (3) final fracture with the growth of a crack to a critical depth. In the present study the stage (2) is examined in terms of the fatigue crack propagation test and the stage (3) the plane strain fracture toughness test. Transition temperature and upper shelf energy in the V-notch Charpy impact test is used as the measure of toughness.
II. Materials and Experimental Procedures

Materials
Chemical compositions of steels used in the present study, AISI H13, H 10, and H l9, are shown in Table  1 . The steels were melted in an electric arc furnace and cast into ingots. The ingots were hot forged into the sizes shown in Table 1 with a forging ratio above 6.0 and annealed at 850°C. Specimens were cut from a portion between the center and the corner or surface of the forged materials with the axes parallel to the longitudinal direction.
Observations of Quenched Structure
Formation of bainite in cooling at various rates after austenitizing at 1 020°C for H13 and H10 and 1 140°C for H19 was studied by microstructural observations and measurements of the hardness and dimensional change. The cooling rate was defined by the half temperature time, H.T.T.,3~ that represents the time for cooling to a middle temperature between austenitization and room temperature. Some specimens were quenched to 500°C for suppressing carbide precipitation from the matrix and subsequently cooled at various rates to room temperature. Carbides in the quenched and tempered specimens were examined by electron microscopy and X-ray diffractometry. ( 52 ) Transactions ISIJ, Vol. 27, 1987
3. Mechanical Testing Plane strain fracture toughness, K10, fatigue crack propagation rate, Charpy impact value, and V-notch Charpy transition temperature were measured for the specimens quenched at various cooling rates and tempered to a hardness of HRC44.
The plane strain fracture toughness was tested by using 30-mm wide ASTM E399 specimens.
Two type of fatigue tests were conducted; 1) Fatigue crack propagation test with the same type of specimen used in the plane strain fracture toughness test; After introduction of a fatigue precrack, progress of the crack was followed during cyclic tension load change from 550 to 20 kg with a frequency of 5 cycles per second. 2) Rotating bend fatigue test for obtaining S-N curves by rotating smooth specimens of 10-mm diameter at a speed of 3 000 rpm. The Charpy impact test was made by using the U-notched specimens specified in JIS Z2202 No. 3. The Charpy transition test was done in the temperature range of 20 to 300°C for ASTM A370 specimens.
Volume fractions of retained austenite were determined by X-ray diffraction method. Sizes and volume fractions of retained carbides were measured with an image analyzer.
III. Results
Bainite Transformation in H13 during Continuous
Cooling The continuous cooling transformation diagram of H l3 is shown in Fig. 1 Oil quenching produces a uniform martensite structure. Upper bainite (B-I type4)), which has larger laths than martensite, occurs at the cooling rate of 15 Cooling rates in the range of 40 to 60 min H.T.T. modifies the bainite from lath to granular type6'7~ accompanying coarsening up to 0.8 sm in width. 
The volume fraction of upper bainite is above 70 % after cooling at 60 min H.T.T. The amount of retained austenite is 5 % after oil quenching and 14 % after cooling at 60 min H.T.T.
Variations of cooling rate after rapid cooling to 500°C also produce a variety of microstructures. Lath type upper bainite appears at the rate of 300°C/h. Cooling at 100°C/h increases the fraction of bainite above 70 %, the effective grain size, and the amount of retained austenite, together with modification of the bainite morphology into granular type. A small amount of lower bainite is observed after cooling at a rate between 1 000 and 300°C/h.
The average ASTM grain size number is 8.5 for H10 and 8.0 for H19. The retained carbide is 0.95 % in fraction and 0.50 µm in size for H l0 and 2.1 % and 0.59 im for H19.
Effect of Quenching Rates on Precipitation and Agglom-
eration of Carbides during Tempering Electron micrographs of extracted carbides are shown in Figs. 4 and 5 for H13 steel tempered to HRC44 after oil quenching or cooling at a rate between 30 and 60 min H.T.T. The specimens were tempered in two stages: the first at 610-620°C for 1.5 h and the second at 580'-.590°C for 1.5 h.
(1) Bainitic structures with the laths wider than those of martensite formed by oil quenching occur by cooling at a rate below 15 min H.T.T, and also below 300°C/h after rapid cooling to 500°C. Thus the sites for carbide precipitation are reduced, resulting in coarsening and agglomeration of carbides along bainite grain boundaries.
(2) Cooling at 30 min H.T.T. and 30''500°C/h below 500°C produces fine dispersion of carbides as 500 A.
(3) Cooling at a rate between 40 and 60 min H.T.T. and between 300 and 100°C/h from 500°C Electron micrographs of extracted carbides in H 10 and H l9 tempered to HRC44 are shown in Fig. 6 . The specimens were oil quenched or cooled at a rate between 1 and 20 min H.T.T. and tempered in two stages ; the first at 630'-.650°C for H 10 and 645 660°C for H19 and the second at a temperature 30°C lower than the first stage each for 1.5 h.
(1) After oil quenching, rod-like carbides and their agglomerates are observed along martensite lath boundaries in H 10 and carbides also along martensite lath boundaries in H l9.
(2) After cooling at 3 min H.T.T., carbides are found to precipitate along grain boundaries of prior austenite and bainite laths that are larger than martensite laths in both steels.
(3) After cooling at a rate between 5 and 20 min H.T.T., precipitation of carbides is observed along grain boundaries of granular bainite in place of laths.
(4) Fine and uniform dispersion of carbides progresses in upper bainite.
The formation of upper bainite in quenching and the transition of carbide morphology in tempering proceed at higher cooling rates in H 10 and H l9 than in H13 . The density of fine carbides is higher in the order of H19, Hl0, and H13. Tables 3 and 4 show the data of X-ray and electron diffraction of carbides in the specimens tempered at 
various temperatures below 700°C. In H 1O, M3C precipitates during tempering below 500°C after oil quenching and the amount of M703 transformed from M3C at 600 650°C is less than in H13, as shown in Fig. 6(a) . Precipitation of M23C6 at 600 650°C is suppressed in upper bainite formed by cooling at 20 min H.T.T. Fine carbides in the matrix of H 10 are MC and M2C, the same as found in H13. In H19, precipitation of M7C3 and M23C6 is suppressed in tempering of both martensite and upper bainite below 650°C. Fine carbides in the matrix are determined to be MC. Fig. 7 and for those rapidly cooled to 500°C and followed by cooling at a rate between 50 and 1 000°C/h in Fig. 8 .
Variations of
(1) The K, ~; values decreases with decreasing rate of cooling : rapid in the range from oil quenching to the conventional rate of 30 min H.T.T. and gradual between 45 and 60 min H.T.T.
(2) The K,~ values also decrease with decreasing rate of cooling below 500°C. A slightly higher value is obtained for the specimen cooled at 300°C/h from 500°C than that cooled at 30 min H.T.T., although these cooling rates are nearly equivalent in the bainite transformation temperature range from 400 to 150°C. The prior rapid cooling to 500°C after austenitization brings a slight increase of K,().
The K, (; values of H 10 and H l9 tempered to 
larger cleavage facet, presumably because of the formation of elongated bainite and of the larger effective grain size. Figure 12 shows the fatigue crack propagation rates in tempered H13 steel after oil quenching or cooling at a rate between 30 and 60 min H.T.T. With decreasing rate of cooling, the propagation rate increases slightly and the critical depth of crack leading to unstable fracture decreases. All the tested specimens have similar striation patterns on the fractured surface.
Effect of Quenching Rates on Fatigue Crack Propagation in H13
The critical cycle numbers to fracture under a given stress and the stresses of fatigue limit decrease with decrease in quenching rate, as shown in Fig. 13 . (1) Deterioration of toughness with decreasing rate of cooling from oil quenching to 15 min H.T.T. for H l3 and to 1 min H.T.T, for H 10 and H l9 is well correlated with the presence of upper bainite with a larger laths than martensite and the precipitation of coarse carbides along bainite grain boundaries.
(2) Increase in the effective grain size and the density of fine carbides is a cause of further decrease in toughness with decreasing cooling rate down to 30 min H.T.T. or 300°C/h below 500°C for H13 and to 3 min H.T.T. for H10 and H19. Preferential precipitation of carbides along prior austenite grain boundaries is also responsible for toughness deterioration in H 10 and H19.
(3) Further decrease in toughness with the slower cooling rate in the range 40 to 60 min H.T.T. or 300 to 100°C/ h below 500°C for H13 and 5 to 20 min H.T.T. for H l0 and H19 is a consequence of the increased effective grain size accompanied by Table 5 summarizes the tensile properties of the specimens tempered to HRC44 after quenching at various cooling rates. Decrease in cooling rate leads to increase in the proportional limit or 0.2 % proof stress and reduction in uniform and total elongation. This is attributable to the dense precipitation of fine carbides.
Deterioration of toughness in the order of H13, H 1O, and H l9 is well correlated with the density of fine carbides. In H 1O steel, M3C carbides precipitate during tempering of martensite below 500°C after oil quenching. Tempering above 500°C, however, induces resolution of retained M3C in matrix and precipitation of MC and M2C. Moreover, M7C3, which is substantially chromium carbide formed by transformation from M3C, is few. Therefore, after the conventional tempering at 600 to 650°C, the density of fine carbides, MC and M2C, is higher in H 10 than H l3, presumably because of the difference in the contents of chromium and molybdenum. In H l9 steel, precipitation of chromium carbides, M7C3 and M23C6, is suppressed by alloying of vanadium that is a stronger carbide forming element than chromium. Tempering of martensite below 500°C leads to precipitation of M3C. In tempering above 500°C, however, MC precipitates densely in the matrix by resolution of M3C. Retention of coarse carbides is another cause of the low toughness of H 19.
Fatigue Grack Propagation in H13
Generally the fatigue crack propagation rate, daf dX, is related to the range of stress intensity factor, 4K, in the same way among a similar type of steels. 14, 15) In the present result, only a slight increase in daf diV is noticed with decreasing cooling rate and the propagation distance in a stress cycle is very small: about 
0.15 tm at a location 2.5 mm from the initiation point of a crack with a length of 18.0 mm. The distance is shorter than the lath width of mare tensite and bainite.
Crack tips are known to be blunt in the early stage of opening for the materials of high workhardenability.16) The effective stress intensity factors are low as a result of the closure effect in the materials of low proof stress.l7,ls) Decrease in quenching rate produces a dense dispersion of fine carbides that increases the proof stress and reduces the work hardenability and, thus, results in a slight increase in the propagation distance of fatigue cracks.
Brittle to Ductile Transition in H13
Elevation of the 50 % fibrous transition temperature with decreasing quenching rate can be understood on the same basis of microstructural consideration mentioned above for the KI0 values. 4, 5, 19) In the temperature range of ductile fracture, reduction in the Charpy impact value with decreasing cooling rate is revealed on the fracture surface as formation of irregular and shallow dimples. The upper shelf energy depends on the formation, growth, and coalescence of voids and is higher when the dimple pattern is larger and deeper.2o-22) The precipitation of both coarse carbides along bainite and prior austenite grain boundaries and fine carbides in matrix results in the lowering of upper shelf energy through inhibition of the uniform nucleation and growth of dimples.
V. Conclusion
The microstructural contributions to the toughness of hot work tool steels are studied for the representative types, AISI H13, H 10, and H19, tempered to a hardness of HRC44 as a function of prior quenching rates after austenitization.
Improvements of the toughness are found to be achieved by refinement of the laths of martensite and bainite and the effective grain size, by retardation of the preferential precipitation of carbides along grain boundaries of prior austenite and bainite, suppression of the dense dispersion of fine carbides like MC and M2C in matrix, and reduction of the volume fraction and size of retained carbides. Decreasing rate of quenching leads to gradual increase in the width of bainite laths and also modification of the morphology of bainite from lath to granular type together with increase in volume fraction of upper bainite, and results in deterioration of the toughness. Among the tested steels, H l3 steel is highest in the toughness in good correlation with the microstructurall characteristics such as the lowest density of fine carbides in matrix and the smallest fraction and size of retained carbides. 
